Objective To clarify the prognostic role of tumour protein 53 (TP53) mutations in patients with oesophageal adenocarcinoma (OAC) as there is a need for biomarkers that assist in guiding management for patients with OAC.
INTRODUCTION
The incidence of oesophageal adenocarcinoma (OAC) has increased faster than any other cancer since the 1970s in many Western countries with highest incidence rates found in Northern and Western Europe, Northern America and Oceania, [1] [2] [3] [4] with a greater than sixfold increase during the past three decades. 1 5 Population-based studies have observed consistent changes across different age and tumour stage groups, indicating that the rise of OAC incidence is a true increase and not an artefact of enhanced surveillance programmes. 1 6 Possible explanations for this increase include the increasing prevalence of obesity and Barrett's oesophagus (BO), 7 well-recognised risk factors for OAC. Fewer than half of the patients with a new diagnosis of OAC are eligible for curative treatment, and OAC continues to have one of the highest cancer case-fatality rates with population-based 5-year survival rates typically around 15%. 8 9 For those patients referred to curative treatment,
Significance of this study
What is already known on this subject?
▸ Oesophageal adenocarcinoma (OAC) remains one of the few GI malignancies where molecular information is not taken into account to guide patient management. ▸ Current clinicopathological staging fails to accurately identify patients with OAC with good or poor prognosis. ▸ Recent genomic findings have identified a high tumour protein 53 (TP53) mutation rate in OAC, but the prognostic impact of this remains unclear due to conflicting reports in the literature.
What are the new findings?
▸ This is the first dedicated systematic review and meta-analysis regarding the prognostic impact of TP53 mutations in patients with OAC including 16 studies with >850 patients. ▸ We identify a significant negative prognostic impact of TP53 mutations on overall survival of patients with OAC. ▸ A greater prognostic effect can be corroborated in studies that report tumour-stage adjusted survival for OAC-only cohorts and are assessed at being at low risk of bias.
How might it impact on clinical practice in the foreseeable future?
▸ This study suggests that TP53 gene mutations have a clinically important negative prognostic impact on patients with OAC. ▸ In light of recent genomic findings highlighting a central role of this gene in OAC pathogenesis and drugs currently in development and testing that directly target this gene, a role for identifying TP53 mutations in OAC can be suggested.
usually by neoadjuvant chemotherapy or chemoradiotherapy (CRTx) followed by oesophagectomy, 5-year survival rates are still generally <45%. 10 In contrast to other malignancies, such as breast and colon cancer, where the incorporation of molecular information has become part of routine practice for therapeutic stratification, 11 current treatment algorithms for OAC still depend on only imaging and histological assessments to determine disease stage and grade to guide treatment and help classify prognosis.
The tumour-suppressor gene tumour protein 53 (TP53) (National Centre for Biotechnology Information gene ID: 7157), which encodes the p53 protein and is sometimes called 'the guardian of the genome', 12 is one of the most frequently mutated and studied genes in human cancers. 13 The p53 protein plays multiple functions in regulating cell cycle progression and apoptosis, autophagy, differentiation and senescence, as well as DNA repair functions, and also exerts effects on cell metabolic pathways and cytokines.
14 Substantial efforts have been made to study the effect of TP53 mutations on prognosis for patients with cancer. Furthermore, as most chemotherapeutic agents act by inducing DNA damage, [15] [16] [17] the predictive effect of TP53 gene mutations on therapeutic response has also been explored. 18 Recent large-scale whole-genome and whole-exome sequencing studies have shown that both OAC and dysplastic BO harbour a very high TP53 mutation rate of up to 70%, [19] [20] [21] indicating a central role for this gene in OAC pathogenesis. This finding raises the question of whether the 30% of patients harbouring wild-type TP53 may thus have a different underlying tumour biology that may impact patient outcome.
We aimed to resolve the existing uncertainty regarding the prognostic value of TP53 for staging OAC by conducting a systematic review and meta-analysis of all published data with subgroup analysis of studies assessed as low risk of bias, and studies using direct TP53 gene mutation analysis techniques to determine TP53 mutation status, since these are the most accurate methods for determining tumoural TP53 mutations.
MATERIALS AND METHODS Search strategy and study eligibility criteria
The electronic bibliographic databases MEDLINE, Embase, PubMed and Current Contents Connect were searched to identify eligible studies published between January 1990 and 8 February 2015 using MeSH terms and text words for adenocarcinoma*, o/esophagus* or o/esophageal*, TP53* or p53* or 17p13* or 17p*. In an attempt to minimize the risk of publication bias, conference abstracts and proceedings were searched through Web of Science, Embase and Scopus using the terms o/esophagus* and p53*. Further, the following major GI and oncological conferences were searched for relevant reports: Digestive Disease Week (DDW; by screening the DDW website and supplementary material of the journal Gastroenterology), American Society for Clinical Oncology (ASCO; by searching the ASCO library and Journal of Clinical Oncology supplementary material) and American Association for Cancer Research (AACR; searched through their webportal of all AACR conference proceedings) from 1990 to 2015.
Two reviewers (OMF and DF) scanned the search results (title and abstract) and retrieved full text publications using the criteria outlined below to identify eligible studies. Reference lists of relevant studies identified from the search including reviews were further screened to identify studies that may not have been identified by the strategy outlined above.
Study inclusion criteria were prospective or retrospective clinical studies of OAC populations that assessed TP53 mutation status and/or p53 expression in primary tumours, and compared overall survival for TP53 mutation versus TP53 non-mutation subgroups with calculation of HR and 95% CIs, or reported adequate data for their estimation. To include all available data, we also included studies of oesophageal cancer cohorts that included patients with squamous cell carcinoma if at least ≥50% of the patient cohort had a diagnosis of OAC.
Study exclusion criteria were studies of TP53 DNA germline mutations or autoantibody detection in blood; and reports available in abstract form only that did not report adequate information to determine study eligibility or to assess study methods for risk of bias.
If studies did not report sufficient data to calculate HRs or in case of missing/unclear data, the corresponding author was contacted by email to request this information. If the same research unit (identified from author names and institution) published multiple reports with overlapping patient recruitment time periods, HR estimates were extracted from the most recent publication with the largest patient numbers to avoid duplication of data.
Data extraction
Three investigators (OMF, DF and NJC) reviewed eligible studies and extracted the following variables into a standardised data extraction form: author's name; publication year; country where study was conducted; number of patients included and general patient demographics; tumour histology (number and proportion of OAC tumours included); treatment modality (surgery alone, neoadjuvant or adjuvant CRTx followed by surgery); tissue specimen type (surgical specimen vs endoscopic biopsy); TP53 assay methods (TP53 gene sequencing, singlestrand confirmation polymorphism (SSCP), immunohistochemistry (IHC), and type of antibody, dilution for IHC); criteria or cut-point used to define TP53 mutation status for the survival analysis; study prevalence of TP53 'mutation' and 'nonmutation' subgroups; median survival of all patients and by TP53 mutation status; unadjusted and adjusted HR with 95% CI and corresponding p values where available. For consistency and to facilitate further quantitative analyses, the authors' definitions for TP53 'mutations' were used for studies performing only IHC as the respective studies did not use uniform staining classification criteria. As such, nuclear p53 protein overexpression was interpreted to represent TP53 mutations by all authors of the included studies, although loss of p53 protein expression has also been associated with tumoural TP53 gene mutations. 22 23 This staining pattern was not reported and/or interpreted in such a manner in any of the included studies.
Risk of bias assessment, subgroup and sensitivity analyses
All studies were assessed for risk of bias for the study estimate of the impact of TP53 on survival by appraising six domains (study participation, biomarker measurement, outcome measurement, confounding measurement and account, participant attrition, analysis method) using prespecified criteria adapted from the Grading of Recommendations, Assessment, Development and Evaluation (http://www.gradeworkinggroup.org), 24 REporting recommendations for tumor MARKer prognostic studies (REMARK) 25 and from Hayden et al's 26 (Cochrane Prognosis Methods Group) guidelines for quality appraisal for prognostic studies. Risk of bias for each domain was graded as high, low or unclear based on assessment of each criterion. The overall risk of bias for the study was assessed as high if one or more of the domains was assessed as high risk of bias as recommended by the Cochrane Collaboration. 27 Assessment of the risk of bias for different methods of assessing TP53 mutation status was informed by data regarding the analytical validity of different methods reported in the International Agency for Research on Cancer (IARC) TP53 mutation database (R17) 13 (as summarised in online supplementary file 1). Studies performing TP53 gene sequencing or direct assessment of TP53 gene mutations were assessed as being at low risk of biomarker measurement bias compared with studies performing only IHC analysis, based on estimates from the IARC TP53 mutation database that approximately 27% of all TP53 mutations stain as false negatives in OAC using IHC (see online supplementary figure S2). Studies that did not adjust for tumour stage to assess the independent impact of TP53 mutation status on patient survival were classified as high risk of bias.
Statistical analysis
To estimate the effect of TP53 mutation status on OAC survival, we calculated a pooled HR and 95% CI using the generic inverse variance method. If the HR was not reported, it was estimated from the corresponding Kaplan-Meier curves using the Parmar method. 28 29 If the SE was not reported, it was estimated from the 95% CI.
Because different TP53 mutation analysis methods were used across studies, we expected heterogeneity in study estimates of the TP53 mutation effect on survival, and thus we applied a random-effects model to estimate the HR. 30 Heterogeneity was tested using Cochran's Q statistic, with p<0.1 indicating heterogeneity. The degree of heterogeneity was quantified using the I 2 statistic. 31 Meta-regression was performed to inspect possible sources of interstudy heterogeneity. 32 Study level factors that may modify the prognostic effect of TP53 were included as covariates if they were present in ≥10 of the included studies. 27 Sensitivity analysis was performed to assess the impact of tumour histology and assay type on survival by repeating the pooled HR analysis in the following subgroups: (i) OAC-only versus OAC-mixed study populations; (ii) IHC versus direct TP53 gene mutation analyses; and (iii) studies assessed as having low versus high risk of bias. Differences between subgroups were assessed with a test for interaction. 33 In order to estimate the prognostic value of TP53 independent of stage, a sensitivity analysis was also performed of studies reporting HR adjusted by stage. Publication bias was quantified using the Egger's regression model and visualised using funnel plot analyses. 34 Descriptive statistics as well as quantitative analysis of the IARC TP53 mutation database to guide risk of bias assessment were performed using R statistical software 35 and the ggplot2 package. 36 Meta-analyses of HR estimates were performed using Review Manager (RevMan) V.5.2 software (Copenhagen: The Nordic Cochrane Centre, The Cochrane Collaboration, 2012) with meta-regression performed using the packages metafor and forestplot for R. 37 
38

RESULTS
Study characteristics
The search strategy yielded 323 studies, of which 16 met our eligibility criteria (figure 1). Study characteristics are summarised in table 1. Eleven studies included pure OAC cohorts [39] [40] [41] [42] [43] [44] [45] [46] [47] [48] [49] and five studies included mixed histological cohorts, [50] [51] [52] [53] [54] in which the percentage of OAC cases in the study data ranged from 56% 54 to 81%. 53 Overall, the 16 studies totalled 1211 patients including 986 OAC, with survival data reported for 888 patients. The number of patients with survival data in each study ranged from 16 to 142 (median 50) with a median number of OAC tumours of 53 (range 20-142) per study.
Half of the studies (n=8) assessed TP53 mutation status by IHC, 39 53 54 that reported survival time data for biomarker-defined patient subgroups, the median survival time for patients assessed as having mutated TP53 was 18.9 months (n=488) compared with 26.2 months for patients with nonmutated TP53 (n=423).
HRs were reported in nine studies and extrapolated from five studies. In addition, individual patient data were available for two studies to calculate tumour stage-adjusted HR and 95% CIs 42 44 (table 1) . One of these studies 42 included six subcardia cancers and had complete survival information on 22 patients, all with OAC cancers. One of the patients in this study was excluded from the survival analysis due to an early, postoperative mortality. 42 The other study 44 included survival data for all 60 patients with OAC.
Four studies 41-43 54 were assessed as being at a low risk of bias, and 12 39 40 44-53 studies were assessed as being at high risk of bias (table 2) . Funnel plot analyses did not reveal substantial publication bias (see online supplementary figure S3).
Overall analyses
The meta-analysis of data from all 16 included studies showed that TP53 mutation is associated with a statistically significant negative effect on patient overall survival with an HR 1.48 (95% CI 1.16 to 1.90, p=0.002, n=888 patients; figure 2 ) with low-moderate heterogeneity across studies that was not statistically significant (I 2 =33%, p heterogeneity=0.1). The analysis of studies including pure OAC patient cohorts showed similar results with low heterogeneity (HR 1.46, 95% CI 1.17 to 1.83, p=0.0009, n=11 studies and 644 patients, I
2 =0%, p for heterogeneity =0.53, p for interaction=0.78; figure 3 ).
Subgroup and sensitivity analyses
The effect of TP53 mutation status on survival appeared to be smaller among studies performing IHC ( pooled HR figure 4A ). However, this difference was not statistically significant ( p for interaction=0.28). This finding was similar in studies including OAC only cohorts ( figure 4B ).
The effect of mutant TP53 on patient overall survival was larger in studies that had adjusted their analyses for tumour stage (HR 1.95, 95% CI 1.41 to 2.66, p≤0.0001, 7 studies, 430 patients, I 2 =0%; see online supplementary figure S4 ) compared with the estimates from studies that reported unadjusted risk estimates (HR 1.22, 95% CI 0.88 to 1.70, p=0.24, 9 studies, 458 patients, I
2 =38%). This difference was borderline statistically significant ( p for interaction=0.05). A similar effect was seen in the subset of studies containing pure OAC cohorts (see online supplementary figure S4) .
The prognostic effect of TP53 mutations was also significantly larger in the subset of four studies assessed as low risk of bias (HR 2.29, 95% CI 1.50 to 3.48, p=0.0001, 197 patients, I 2 =0%; figure 5A), compared with those assessed as high risk of bias (HR 1.29, 95% CI 0.98 to 1.70, p=0.07, 691 patients, I 2 =30%, p for interaction=0.03). This effect size was similar in the three studies with low risk of bias that contained pure OAC cohorts (HR 2.11, 95% CI 1.35 to 3.31, p=0.001, n=161 patients, I 2 =0%; figure 5B ).
Exploratory subgroup and sensitivity analyses
Subgroup analysis of studies that determined TP53 status using gene sequencing also showed a negative prognostic impact of mutant TP53 on patient survival (HR 1.80, 95% CI 1.05 to 3.08, p=0.02, 6 studies, 330 patients, I 2 =62%; p for heterogeneity=0.02, see online supplementary figure S5A) ; however, significant interstudy heterogeneity was noted. Sensitivity analysis indicated that this was driven by the study by Gibson figure S5C) . A summary of the results of other exploratory subgroup analyses can be found in online supplementary table S2.
Metaregression: potential sources of interstudy heterogeneity
Of the 14 inspected study covariates, only the adjustment of HR estimates for standard prognostic variables (change log HR 0.46, 95% CI 0.01 to 0.91; p=0.04) and the study appraised as being at low risk of bias (change log HR 0.58, 95% CI 0.06 to 1.10; p=0.03) were significant sources of heterogeneity (see online supplementary figure S6) .
DISCUSSION
This study indicates that mutated TP53 negatively impacts overall survival in patients with OAC, independent of tumour stage. This effect is estimated as a relative increase in hazard of death of 48%, with up to a 211% increase when studies of mixed histology cohorts or high risk of bias are excluded. This corresponds to a reduced survival time of approximately 7 months based on median survival from the included studies. This effect size is similar to the difference in median survival of stage IIIA compared with stage IIIC OAC. 55 To our knowledge, this is the first comprehensive systematic review and meta-analysis of the prognostic impact of TP53 mutations in patients with OAC that includes an assessment independent of tumour stage. Two previous systematic reviews and meta-analyses of various prognostic biomarkers in OAC have included an analysis of TP53 mutations. 56 57 Both studies reported similar significant negative effect estimates on patient survival with two 57 and five 56 primary studies in their respective analyses, but did not consider potential confounders such as tumour stage or TP53 mutation analysis methods. As such, with 16 studies and >800 patients, our study is the largest and most extensive analysis of the effect of TP53 mutations on OAC patient survival.
This study is timely because recent whole-genome sequencing studies have shown a high mutation rate of TP53 in OAC. 19 20 With whole-genome sequencing technologies still not used in clinical practice for personalised cancer treatment, targeted genomic approaches remain a valid area of investigation. 58 One potential explanation for earlier conflicting results for the prognostic significance of TP53 status in OAC is the use of different and potentially less accurate assay methods for TP53 mutation detection. Our study identified considerable variability in IHC methods across the included studies, such as the use of different antibodies, antibody dilutions and variable scoring systems for immunopositivity. Further, none of the included studies used loss of p53 expression as a method for interpreting the presence of TP53 gene mutations. 22 23 These technical variations, combined with the knowledge that not all TP53 mutations lead to accumulation of mutant protein, and that wild-type p53 protein can be overexpressed, leading to either false negative or false positive staining results, 59 may explain why IHC has been regarded as a less adequate analysis method in other cancers. 22 In our subgroup analysis by assay type, the prognostic effect of TP53 appeared to be smaller in studies that used IHC versus other methods, particularly for mixed histology populations; however, a test for interaction was not statistically significant. We were also not able to demonstrate that the use of IHC contributed to interstudy heterogeneity in our meta-regression analysis. Nevertheless, with increased knowledge about TP53 mutation variants 60 and more standardised and economical targeted gene sequencing technologies available, 61 our results support the validity of using direct TP53 mutation status as a prognostic biomarker in OAC and raise the possibility that this provides improved prognostic classification than IHC consistent with findings in other cancers. 22 Recent genomic studies have found that TP53 gene mutations remain the most common genetic alteration in both OAC 19 20 and its precursor lesion BO with dysplasia, 21 with wild-type TP53 estimated to be present in only approximately 30% of OAC tumours. These findings suggest that the mutation Figure 5 Forest plot of the effect of tumour protein 53 (TP53) on survival stratified by risk of bias assessment including, all studies (A) and only including studies with pure oesophageal adenocarcinoma cohorts (B).
frequency of TP53 may be underestimated in all studies included here, even those performing TP53 gene sequencing. Most studies only sequenced exons 5-8, whereas whole-genome sequencing (which includes the sequencing of intronic and intergenic regions) has been shown to be more accurate at detecting mutations, even within exonic regions. 22 62 Further research using current sequencing technologies will be needed to assess whether the overall prognostic impact of TP53 mutation status is larger or smaller than the present study estimate, and to determine whether the prognostic effect of TP53 mutations varies by type of gene mutation. While our subgroup analysis of only TP53 gene sequencing studies showed a pronounced effect of TP53 mutations on OAC patient survival, this pooled analysis displayed substantial heterogeneity. This was largely caused by one study 52 that reported a non-significant survival advantage for TP53 mutations. Although this study included sequencing data from pretreatment biopsies of mainly patients with OAC, no information is provided on patients' pathological AJCC/ UICC tumour stage, which to date remains the most accurate predictor of patient prognosis. 55 Study patients were enrolled from two experimental, prospective studies assessing the effect of two similar neoadjuvant CRTx regimens. Patients were only staged clinically and the HR estimation could not be adjusted for pathological tumour stage, because of which we assessed the estimate as being at high risk of bias. A sensitivity analysis performed to exclude this study suggests that gene sequencingdefined TP53 mutations are associated with an almost twofold mortality risk (HR 1.95, 95% CI 1.44 to 2.65).
The two main limitations of this study that may affect the validity of our findings are the quality of the primary studies and data limitations to explore potential confounders. First, more than half of the studies were assessed as high risk of bias based on criteria defined by Hayden et al, 63 an aspect also identified as a significant contributor to interstudy heterogeneity. Equally, the lack of adjustment of HR estimates for standard prognostic criteria, as recommended in current biomarker reporting guidelines, 25 was also a significant contributor to heterogeneity. These methodological flaws may lead to an underestimate of the actual effect size, as suggested by our subgroup analyses. Second, we were unable to conduct analyses to investigate the impact of potentially relevant factors (such as the inclusion of Siewert Type III or proximal gastric cancers or patient smoking status) because of the lack of data reported in the original publications. Other concerns may be how the inclusion of mixed patient populations, different staging systems and treatment regimens may impact the present findings. However, our meta-regression did not identify these factors as potential sources impacting overall effect estimates. Further, the key finding of TP53 negatively affecting patient prognosis persisted across all pooled and subgroup analyses, despite our comprehensive methodological approach, which accounted for sources of confounding, bias and interstudy heterogeneity. But most of the studies only included patients from surgical series, potentially limiting the generalisability of our findings. Despite almost 70% of the studies (n=11) having AJCC stage IV patients in their analysis, only nine of these studies also included such patients in their p53-stratified survival analysis. With the median percentage of stage IV patients in such studies being limited to 5.5%, the generalisability of our findings to patients with OAC with more advanced stages of disease that do not permit curative treatment is limited. Finally, despite conducting an extensive search strategy including searching conference abstracts and presenting a funnel plot that excludes major asymmetry, we cannot eliminate publication bias as a possible explanation of our results.
Further studies are warranted to better estimate the size of the prognostic effect independent of tumour, node, metastasis staging. Given the substantial amount of heterogeneity identified, adherence to REMARK guidelines 25 and adjustment of the survival analysis for known prognostic factors in future studies is recommended. Further, preregistration of such prognostic studies is important to help avoid the issues of reporting and publication bias. 64 Using assumptions based on the findings of the present meta-analysis and a mutation frequency of 70%, we estimate a minimum of 433 patients with OAC (303 TP53 mutated and 130 TP53 wild-type) would be required to determine the effect of TP53 mutations on patient overall survival.
One approach to collect high-quality data is to include TP53 mutation analysis using targeted gene sequencing in the baseline analysis of trials of OAC therapies. If validated, TP53 analysis could be used to stratify patients in future trials. Stratifying patients based on TP53 mutation status may also have a role in clinical practice to guide treatment selection. For example, data suggest that TP53 mutation status may predict response to standard chemotherapeutic regimens such as fluorouracil or cisplatin, 65 which has also recently been demonstrated in OAC. [66] [67] [68] A prospective randomised trial in oesophageal cancer, aiming at determining this predictive effect of TP53 gene mutations ( p53-Adjusted Neoadjuvant Chemotherapy for Potentially Resectable Esophageal Cancer; http://www. clinicalTrials.gov identifier NCT00525200; http://www.p53.at) has recently completed recruitment. Moreover, multiple therapeutic options directly targeting the TP53 gene are either currently in clinical trials or are already clinically available. 14 18 59 For example, the first-in-class mutant p53 reactivator APR-246 has recently been shown to have significant antitumourigenic activity in OAC and synergises with DNA damaging agents such as cisplatin and 5-fluorouracil. 69 As recent next-generation sequencing studies have demonstrated a high frequency of TP53 mutations in OAC of 70%, [19] [20] [21] it seems likely that a TP53-directed therapeutic approach would be worthwhile for patients with this highly fatal cancer.
In summary, OAC remains one of the few GI malignancies for which molecular information is still not used to guide patient management. This study suggests that TP53 gene mutations have a clinically important negative prognostic impact on patients with OAC, which is relevant in light of recent genomic findings highlighting a central role of this gene in OAC pathogenesis and drugs currently in development and testing that directly target this gene. High-quality studies with large patient cohorts using modern sequencing technologies for TP53 mutation analysis are needed to confirm the independent prognostic effect of this frequent gene mutation.
